Rice grains (Oryza sativa L.) from three varieties and three pairs of lines with different protein content were collected at 4-day intervals from 4 to 32 days after flowering. The samples were analyzed for protein, free amino nitrogen, ribonucleic acid, protease activity, and ribonuclease activity. In addition, the capacity of the intact grain to incorporate amino acids was determined for the three pairs of lines. The maximal level of free amino nitrogen and the capacity of the developing grain to incorporate amino acids were consistently found to be higher in the samples with the high protein content in the mature grain. The ribonucleic acid content of the grain tended to be higher in the high protein samples.
of soil, 10 g of (NH4)2SO4, 4 g of KCl, and 4 g of Ca(HPO4)2. To simulate field conditions, the pots were buried to the brim in soil in a screened concrete bed with a spacing of 40 X 40 cm between plants. Three planting dates for each variety were used. Eighteen plants were planted at each date. The planting dates were scheduled so that the three varieties flowered on the same date, thus subjecting the plants to the same weather conditions during grain development. The Sample Collection. Grain samples were collected from 4 to 32 days after flowering at 4-day intervals. Spikelets were examined daily and tagged when they flowered because the flowering dates of the spikelets of a single panicle, as well as of the panicles of different tillers of a single plant ranged over several days. The grains were cooled to 0 C in an ice bath immediately after sampling and were stored at -20 C until used for analysis. However, freshly collected samples were used for assaying synthetic capacity because this activity was found to decrease progressively at -20 C.
Moisture Determination. One hundred grains kept frozen over Dry Ice were dehulled by hand, then placed in tared 15-ml test tubes. The weight loss during freeze-drying for 48 hr was taken as the moisture content.
Homogenization. The grains from the moisture determination were soaked overnight at 0 C in 13.5 ml of 0.05 M tris buffer (pH 7.5) with 0.5 M KCl (the volume of 100 freeze-dried grains had previously been found to be about 1.5 ml). The soaked grains were homogenized at 0 C for 3 min with a VirTis 45 homogenizer at top speed. Six milliliters of the homogenate were set aside to be used for the determination of protein content, nucleic acid, and free amino nitrogen. About 9 ml were centrifuged at 500g for 15 min at 4 C, and the supernatant fluid was reserved for assaying ribonuclease activitiy.
Chemical Determinations. Six milliliters of the crude homogenate (equivalent to 40 grains) were treated with 6 ml of cold, 20% (w/v) trichloroacetic acid for 1 hr at 0 C and then fractionated according to the scheme shown in Figure 1 .
Free Amino Nitrogen. The amount of soluble amino nitrogen in extract I was determined by using the ninhydrin method described by Moore and Stein (26) as modified by Moore (25) . To test tubes containing 16.2 mg of Na2CO3, 0.50 ml of extract I was added. The solutions were treated with 1.0 ml of ninhydrin reagent (25) . The (22, 32) , and the corresponding nucleic acid concentrations were determined from a standard RNA curve. The concentration of DNA in extract II was determined by the method of Burton (3) , and the amount of RNA was estimated by difference. Disodium deoxyadenosine 5'-monophosphate hydrate (dAMP, Calbiochem, A grade) was used as the standard for the DNA assay. To estimate the amount of DNA which would give the same color reaction as dAMP, the amount of dAMP was multiplied by twice the average molecular weight of the deoxynucleotide residues. The factor 2 was used because only one-half of the sugar residues (those combined with purines) in the DNA react with the diphenylamine reagent (3).
Ribonuclease Activity. The assay used to determine RNase activity was the method of Tuve and Anfinsen (31) as modified by Wilson (33) and Cagampang (4) . One days after flowering (Fig. 2) . The protein content per grain leveled off after the 16th day. Although the absolute amount of protein increased rapidly between 4 and 16 days after flowering, the actual percentage decreased perhaps because starch accumulated faster at this period of grain development. The same trend for protein nitrogen was observed by Jennings and Morton (13) in developing wheat endosperm and by Palmiano et al. (29) in rice. The protein contents (dry basis) of brown (dehulled) rice for this particular crop were 10.4% for IR8, 10 .5% for Peta, and 12.1% for A2 torzs.
RNA synthesis (Fig. 2 ) occurred mainly during the first 8 days after flowering and preceded maximal protein synthesis. Hoshikawa (9) found that cell division was completed 9 days after flowering for a Japanese variety. Since tropical rice ripens faster than Japanese rice, our data expressed on a per grain basis should be proportional to a per cell basis for 8-day or older grain. Matsushita (22) reported that the RNA content of the rice grain reached a maximum about 14 days after flowering.
The pattern of changes in the levels of protein and RNA reported in this study have previously been reported in grains of maturing rice (29, 30) , wheat (14) , and corn (10) . Studies on developing wheat grain (7) have shown that during the period of rapid increase in endospermal protein, a related increase in RNA content occurs. Oota (27) reported that the rate of protein accumulation in growing cotyledons of maturing bean seeds is a linear function of the concentration of the total RNA in the tissues. Matsushita (23) reported that the ratio of RNA to protein decreased from 0.07 to 0.02 during the course of ripening of wheat grains.
In our experiments the amount of soluble amino nitrogen increased initially and reached a maximum between the 8th and the 12th days after flowering. It subsequently dropped to about 25% of the maximal value. It remained at this low level from the 20th day up to maturity. The relationship between the curves for soluble amino nitrogen and protein content was consistent since free amino acids are the precursors of protein in the grain. The maximal accumulation of proteins in the grain and the maximal level of free amino nitrogen occur at the same time. The high protein sample (A2 torzs) exhibited higher levels of soluble amino nitrogen than low protein samples, an indication that in the grain the level of free amino nitrogen is a function of the total N. Palmiano et al. (29) reported that nonprotein nitrogen was the major fraction of the total N in the 4-day-old grain of IR8 but not in the mature grain. A similar trend was observed in developing rice (1) and wheat (13) .
Maximal protease activity occurred between the 8th and 12th days of grain development. In contrast, RNase activity reached a peak between the 12th and the 16th days (Fig. 2) . Our results show that peak RNase and protease activities occur after rapid RNA and protein syntheses. The relationship between RNA and RNase could explain the slight decrease in the RNA content. This is consistent with what was found in developing corn (4, 6, 10) : a rapid decrease in the amount of endospermal RNA was related to high RNase activity. No relationship between the RNase activity and the protein content of the grain was obtained. The high protein grain tended to have a higher protease activity than the low protein grain. However, the activities of protease and RNase in the developing rice grain were low. We had to activate protease with cysteine to obtain even the low values reported (Fig. 2) . Hence, the protease values we obtained are mainly those of the inactive enzyme. Kaminski and Bushuk (19) similarly found extremely low activities of proteases in wheat flour by starch-gel electrophoresis. Ozaki and Horiguchi (28) still found low activities in mature rice grain even after treatment with cysteine. Germinated rice, however, exhibited high protease activities (8, 28) .
A comparison of the three rice varieties revealed that the RNase activities were practically the same. The maximal levels of free amino nitrogen, RNA, and protease activity were greater for the high protein variety, A2 torzs, than for either Peta or IR8. The validity of such a comparison may be questioned owing to differences between A2 torzs and Peta or IR8. Compared with the two varieties, A2 torzs has a lower yield, a shorter growth duration, a very different plant type, and a heavier grain. However, the higher level of protein and soluble amino nitrogen of A2 torzs was more than can be accounted for by its heavier grain weight.
Three Pairs of Lines Differing in Protein Content. To find plants which were closer genetically, three pairs of lines from the F4 generation of IR8 crosses with high protein varieties were chosen to cover a wide range of protein content. The lines were subjected to the analyses mentioned above for the developing grains. In addition, the lines were analyzed for the L-leucine-U-'4C incorporation. The protein content of the dehulled mature grains ranged from 8.49 to 11.7%, dry basis. The stage of ripening during which the factors were at a peak varied among the lines. As expected, the higher the protein content, the greater was the capacity of the grain to incorporate L-leucine-U-14C (maximal values ranged from 67.3 to 136 m,ug/2 hr), and the higher was the maximal level of free amino nitrogen (a range of 6.0-14.3 u.g). The high protein samples tended to have higher maximal levels of RNA than the low protein samples. Maximal activity of RNase ranged from 24 to 36 units per grain. Maximal protease activity ranged from 1.2 to 1.5 units per grain. These values were similar to those observed for the three varieties.
The members of one pair of lines, IR1100-12-12 and IR1100-128-1, were similar in growth duration and yield. The changes taking place during the ripening of these two lines are shown in Figure 3 . The dry weights of single grains were 19.5 mg for IR1100-12-12 and 18.0 mg for IR1100-128-1.
The protein content of the dried 32-day-old grains was 11.7%
for the high protein line (IR1100-12-12) and 8.56%7, for the low protein line (IR1100-128-1). Of the factors studied, the maximal levels of soluble amino nitrogen, the rates of amino acid incorporation, and the protease activities were higher for the high protein line than for the low protein line. As was observed for the three varieties, the maximal levels of soluble amino nitrogen occurred at the same time as the maximal increase in protein content. Furthermore, the rate of amino acid incorporation was also highest at this stage. The high protein line incorporated 1.7 times as much '4C as the low protein counterpart. This indicates that, although protein synthesis in the two varieties begins at the same time, the rates of synthesis are different. It is this difference throughout grain development that caused different amounts of protein to accumulate in the grains of the high protein and low protein lines. The protease activity assayed at pH 6.5 was higher for the high protein line than for the low protein line. Only minor differences in the maximal RNA content and RNase activities were observed between the two lines. DISCUSSION Our data show that the two factors affecting protein accumulation during the first 2 weeks of grain development-the level of free amino acids and the capacity of the intact grain to incorporate amino acids-are correlated with the sample differences in protein content of the mature rice grain. Presumably, the higb protein grains have higher levels of all the nitrogenous fractions including RNA.
The effect of the level of free amino acids on protein accumulation is quite obvious. Amino acids are the precursors of storage proteins in the rice grain. Hence, a higher level of these amino acids will contribute to a faster and greater accumulation of protein in the so-called protein bodies (30) Natori (11) found no significant difference in the base composition of the total RNA in the panicle during the booting and milky stages of the rice plant.
The low activities of the RNase and protease and their lack of relation to the accumulation of protein in the ripening grain are expected. During the maturation process, the equilibrium between synthesis and degradation is shifted toward the former.
How does nitrogen nutrition affect protein accumulation in the rice grain? Probably, it changes the level of free amino acid in the developing grain, rather than the capacity of the grain to incorporate amino acid. In addition, high protein content in the grain brought about by nitrogen fertilization is found to increase only the storage proteins-glutelin and prolamin (5) . This means then that the enzyme protein per grain is constant throughout the development period.
In summary, only the maximal level of the free amino nitrogen and the capacity for amino acid incorporation of the developing grain consistently correlated with the protein content of mature rice grains. In the plant itself, the free amino acid pool of the grain is continuously being replenished by amino acids from the sap. Among the lines tested, differences in the level of amino nitrogen in the grain may reflect differences in the efficiency of soil nitrogen absorption by the root system or in the rate of translocation ofamino nitrogen. Our preliminary study shows that in the high protein lines the sap that is translocated into the panicles 10 days after flowering has a higher content of soluble amino acids than the sap in low protein counterparts. The asparagine and glutamine fractions of the total nitrogen in the sap of high protein lines were also higher.
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